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A  research  pro,"?*  n  direcl'-d  tcvxxc.'  rainin';  an  undc-rrsi  ending  of  the  molecular 
necharii' no  of  lir.jo  strain  defer: rvtion  .in  glassy  and  crrat-filine  polynors  has 
been  carried  out.  The  investigation  on  confessed  tuo  types  of  experimental 
procedures j  deformation  experiments  on  bulk  polyrers  to  determine  tho  therm al 
activation  pamiietcva  of  the  rate  limiting  step  of  the  deforce ti on  process, 
and  Microscopic  examination  of  tic  feezed  s 'ur.pl  es  to  determine  what  types  of 
nolocular  motions  had  taken  place.  Macroscopic,  deformation  experiments  were 
porfomc-d  of  polycarbonate  and  polyethylene.  Activation  enthalpies,  shear 
activation  volumes,  raid  dilatation  activation  volumes  uere  detemined  for 
each  politer.  Microscopic  studios  vere  performed  on  extended  chain  crystalline 
polyethylene  uhich  had  a  sphcwiitic  structure*  Deformation  was  found  to 
occur  on  discrete  shear  bands.  Tho  sphorulitic  structure  did  not  seem  to  strongly 
affect  tho  deformation.  Microscopic  examination  revealed  that  defoliation  could 
take  pin co  by  intro?. •".oiler  slip  in  any  direction  on  any  plane  parallel  to  the 
direction  of  tho  noloculos,  by  interiors ollar  shear,  and' by  fornation  of  kinks. 

Tho  behavior  of  shear  bonds  in  polycarbonato  is  also  discussed,  and  a 
technique  for  producing  metallic  replicas  of  polynor  surfaces  is  doscribod, 
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I.  Infe 


■Aon  z  Pargosa  of  the  Research  Program 


The  purpose  of  this  research  program  was  to  study  the  nature  of  large 
strain  plastic  deforaation  of  polymers  with  the  intent  of  gaining  an  under¬ 
standing  of  the  molecular  level  mechanism  of  the  deforaation.  The  ultimate 
goal  of  the  project  was  to  develop  a  model  for  the  aolocular  aotiona  which 
occur  during  the  deforaation  process  and  to  identify  the  critical  rate 
limiting  step  in  the  process.  The  studies  undertaken  in  this  program  were 
of  two  different  types i  l)  macroscopic  deforaation  experiments  of  the 
thermal  analysis  type  designed  to  measure  the  parameters  of  the  thermally 
activated  rate  limiting  step  of  the  deformation.  Z)  microscopic  examination 
of  deformed  polymer  structures  to  determine  what  molecular  motions  can 
occur.  Thermal  analysis  measurements  were  made  on  polycarbonate  (Lexan), 
which  is  amorphous s  and  on  high  molecular  weight  polyethylene  (Allied 
Chemical  AC1220)  which  is  crystalline.  Microscopic  studies  were  made  of 
extended  chain  polyethylene  which  was  prepared  by  crystallization  under 
pressure  to  give  a  spherulitio  structure  of  extended  chain  crystals. 


n.  gagasay  of  tto.  fo&eagsk 

Bulk  deformation  experiments  were  carried  out  in  the  mode  of  torsion 
of  tubular  samples.  This  mode  was  chosen  to  suppress  the  instability  assoc¬ 
iated  with  necking  and  drawing,  which  is  characteristic  of  tensile  deforaation 
of  most  ductile  polymers,  Iferly  in  the  work  on  deforaation  of  polycarbonate, 
it  was  found  that  plastic  yield  in  torsion  was  accompanied  by  a  small  drop 
in  the  stress  even  in  the  absence  of  a  change  in  the  cross  sectional  area 


of  the  sample  so  that  the  material  was  undergoing  a  true  vozk  softening 
instability.  Microscopic  examination  of  the  samples  revealed  that  the 
yielding  process  was  accompanied.  by  the  formation  of  fine  def creation 
bunds  similar  to  those  observed  in  other  glassy  polymers  by  a  number  of 
investigators  (l,2).  Host  other  investigations  of  shear  bands  have  eaployed 
compression  speciaens  with  stress  concentrating  notches  to  produce  the 
shear  bands  and  to  suppress  crazing  and  fracture.  In  these  experiments, 
the  shear  bands  are  often  growing  in  a  stress  gradient,  and  instabilities 
associated  with  the  deformation  are  a  common  problem.  Since  the  experiments 
in  this  investigation  eaployed  torsional  loading,  the  stress  was  relatively 
unifora  throughout  the  sample  and  no  serious  instabilities  were  encountered. 
The  project,  therefore,  took  advantage  of  the  opportunity  offered  to  exten¬ 
sively  study  the  process  of  deformation  through  the  mechanism  of  shear  band 
formation  and  growth.  The  results  of  this  study  are  described  in  detail 
elsewhere  (3),  (The  manuscript  of  this  paper  is  submitted,  as  Rept,  No, 
DAHC04-71-C-0037-1 . )  sc  only  the  important  findings  are  summarized  here. 
Defoliation  of  polycarbonate  to  a  shear  strain  of  approximately  70% 
at  room  temperature  and  atmospheric  pressure  takes  place  by  the  process  of 
growth  of  shear  bands.  During  this  stage  of  deformation,  the  strain  dist¬ 
ribution  in  the  samples  is  inhomogeneous  being  the  full  70%  inside  the  shear 
bands  and  less  than  10%  outside  the  bands.  The  deformation  outside  the 
bands  3s  viscoelastic  and  relaxes  with  time  after  the  load  is  removed,  while 
the  ctraln  inside  the  bands  is  plastic  and  remains  in  the  sample  indefinitely 
unless  the  sample  is  annealed.  Fine  shear  bands  originate  at  the  maximum  In 
the  stress-strain  curve.  After  initiation  of  the  bands,  the  nominal  stress 
in  the  sample  drops  slowly  when  straining  is  continued  at  the  same  rate, 


tha  bands  grow  in  length  to  encircle  the  sample.  The  drop  in  the  nominal 


stress  amounts  to  about  10%,  After  the  bands  have  encircled  the  sample, 
they  begin  to  broaden  along  the  gage  section  of  the  sanple  until  they  cover 
the  entire  gage  section  and  the  sanple  contains  a  uniform  strain  of  70%. 

The  growth  in  the  width  of  the  bands  along  the  specie en  axis  occurs  at  a 
relatively  constant  stress,  A  typical  torque  twist  curve  for  a  sanple  is 
shown  in  Fig,  i.  Pictures  of  the  bands  in  various  stages  of  develops ent 
are  shown  in  Fig.  2. 

If  the  sample  is  unloaded,  after  the  defoliation  bands  have  been  formed, 
and  twisted  in  the  opposite  direction,  the  deformation  in  the  bands  is 
reversed.  Only  after  the  strain  in  all  of  the  previously  formed  hands  has 
been  coapletaly  reversed,  does  deformation  of  the  previously  undeforaed 
material  begin.  This  additional  defoliation  takes  place  by  additional 
broadening  of  the  shear  bands.  The  stress  required  to  broaden  the  hands  in 
the  reverse  strain  direction  has  the  same  magnitude  as  the  stress  which  was 
required  to  cause  the  bands  to  broaden  in  the  original  strain  direction. 

A  typical  reversed  torque-twist  curve  for  the  polycarbonate  samples  is  shown 
in  Fig,  3*  A  shear  band  in  the  fully  twisted  and  fully  reversed  state  is 
shown  in  Fig,  4.  If  the  direction  of  twisting  is  reversed  again,  the  sequence 
of  reversing  the  strain  in  the  existing  bands  followed  by  additional  band 
growth  is  repeated. 

The  density  of  the  deformed  material  inside  one  of  the  hands  was  compared 
with  the  density  of  the  undeforaed  material.  It  was  found  that  the  deformed 
material  was  approximately  0.1%  more  dense  than  the  undeforaed  material. 
Annealing  the  samples  at  the  glass  transition  temperature  of  the  polymer, 
causes  all  of  the  strain  to  be  recovered  and  the  sample  returns  to  its 


original  shape.  When  a  deforced  and  annealed  sample  is  retested,  the  entire 
defoliation  process  is  repeated.  Bands  form  again  at  the  sane  sites  as 
before.  This  is  believed  to  be  because  the  bands  are  nucleated  at  stress 
concentrations  introduced  in  machining  the  samples. 

The  results  of  these  experiments  indicate  that  the  pi  astic  deformation 
of  a  glassy  polycer  disrupts  the  structure  of  the  material  and  produces  a  new 
structure  in  which  the  molecules  can  more  readily  slide  over  each  other.  The 
fact  that  the  strain  can  be  annealed  out  of  the  sample  and  that  the  original 
mechanical  properties  are  recovered  on  annealing  indicate  that  no  signifi¬ 
cant  amount  of  chain  scission  takes  place  during  the  defoxsation.  The 
disruption  of  the  original  glassy  structure  of  the  polymer  and  the  production 
of  the  weaker  structure  accounts  for  the  strain  softening  and  the  fact  that 
the  material  inside  a  shear  band  can  be  repeatedly  deformed  back  and  forth 
between  plus  and  minus  70%  shear  strain  at  a  stress  less  than  that  required 
to  deform  new  material.  The  fact  that  the  strain  in  the  band  saturates  at 
+  70%  shear  indicates  that  work-hardening  occurs  by  molecular  aliignment.  No 
work-hardening  equivalent  to  that  which  occurs  in  metals  and  is  a  function 
of  the  Integrated  absolute  value  of  the  an ear  strain  appears  to  occur. 

B.  3&ffiEa3>  Activation  Parameters  in  Polyethylene  and  Polycarbonate 

Deformation  experiments  were  carried  out  on  polycarbonate  and  polyethylene 
samples.  The  loading  mode  was  torsion  with  a  superimposed  hydrostatic 
pressure.  Experiments  were  carried  out  over  a  wide  range  of  pressure, 
strain  rate,  and  temperature.  The  results  of  the  experiments  were  analyzed 
using  the  technique  of  thermal  analysis  to  determine  the  activation  para¬ 
meters  of  the  process.  It  was  assumed  that  the  deformation  process  is 
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described  by  the  Arrhenius  relationship 

£  -  £c  e*p  (-  A  G/}€V  ) 


(1) 


and  that  the  parameter's  of  the  process  are  defined  in  terns  of  the  partial 


derivatives  of  AO  as  follows * 

Activation  enthalpy  °  H*«AG*+  TAS*  =  kT^  (  d-X\'\-kj£e.  .)  ( 2 ) 

PT  T",? 


(3) 


Shear  activation  volume  *=  A  A*  a  kT  ^ J 

Dilatation  activation  voluae  “  AV*  -  /  )  «  kT  (4) 

l  > p  v 

where  T  is  the  absolute  temperature, 4  S*  is  the  entropy  change  in  the 
activation  process,')"  is  the  shear  stress,  P  is  the  hydrostatic  pressure 
component  of  the  stress,  £  is  the  shear  strain-rate,  and  AG*  is  the  energy 
required  for  activation. 

The  details  of  these  experiments  are  reported  in  another  publication 
(4), (The  manuscript  of  this  paper  is  submitted  as  Rept,  No,  BAH004-*71~C~ 
0037-2),  The  important  results  are  listed  below* 


1,  Polycarbonate*  Values  of  the  activation  parameters  at  room 

tenperature,  atmospheric  pressure,  and  a  strain-rate  of  lO/'sec  are* 

Activation  enthalpy*  1,3  x  10“^  erg 

-21  3 

Shear  activation  volume*  2,25  x  10  ccr 

•09  3 

Dilatation  activation  volume*  1.6  x  10  c or 

2.  Polyethylene*  Values  of  the  activation  parameters  at  room  temper- 

— 2 

ature,  atmospheric  pressure,  and  a  strain  rate  of  10  /sec  are* 
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Activation  enthalpy:  2.55  *  1G~^  erg 
Shear  activation  volume i  4.7  x  10~^  <xP 
Dilatation  activation  volunei  3,44  x  lO”^esP 
Activation  entropy  (estimated) i  8  x  10  ^  erg/°K 
It  was  concluded  fron  these  experiments  that  tho  shear  yield  stresses  are 
a  significant  fraction  of  the  shear  modulus  of  the  material,  and  the  activation 
energies  are  quite  large.  This  indicates  that  the  mechanisa  of  defomation 
is  not  the  notion  of  sone  structural  defect  equivalent  to  the  crystal  dis¬ 
location,  since  there  is  no  reasonable  physical  process  which  can  a count  for 
such  a  high  resistance  to  the  notion  of  such  a  defect.  Furthermore,  the 
large  activation  energies  measured  make  the  exponential  term  in  the  Arrhenius 

“15 

expression  (Eq.  (lj)  very  small  of  the  order  of  10  or  scalier.  A  strain- 
-2 

.rate  of  10  can  therefore  be  achieved  only  if  the  pre-exponential  term 

13 

is  of  the  order  of  10  or  greater.  Such  a  large  value  of  the  pre- exponential 
practically  requires  that  evory  monomer  unit  in  the  material  be  a  potential 
site  for  thermal  activation.  This  would  again  imply  that  deformation  is 
not  defect  motion  controlled,  Existing  structural  defects  can  amount  to 
only  a  small  percentage  rf  the  total  volume, 

These  observations  would  indicate  that  the  mechanism  of  deformation  is 
by  the  spontaneous  nu cleat  ion  of  defects  in  the  material.  If  the  displacement 
associated  with  the  defect  is  piu,*  shear,  such  a  defect  would  be  analogous 
to  a  dislocation  loop  as  proposed  by  Bowden  and  Raha  (5).  If  an  angular 
change  is  also  involved  in  the  defect  created,  the  defect  could  be  analogous 
to  a  disclination  ^alr  as  proposed  by  Argon  (6), 
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C.  A  Metallic  Replica  Technique  for  Scanning  Electron  Microscopy 

In  the  experinents  to  examine  the  aicrostructural  aspects  of  defoliation, 
one  serious  problem  was  obtaining  a  picture  of  the  structure  with  suffic¬ 
iently  high  resolution  to  evaluate  the  structural  changes  which  were 
taking  place.  In  this  work,  attempts  were  made  to  use  shadowed  carbon  and 
plastic  replicas  viewed  either  in  the  transmission  or  scanning  electron 
microscope,  and  direct  observation  of  the  metallized  polymer  in  the  scan¬ 
ning  microscope.  With  carbon  replicas  in  the  transmission  microscope,  only 
a  small  portion  of  the  surface  could  be  viewed  at  one  time  and  it  was  diffi¬ 
cult  to  relate  the  orientation  and  position  of  the  portion  which  was  examined 
to  the  deformed  sample.  Plastic  replicas  and.  the  metallized  sample  itself 
were  found  to  be  unsuitable  for  high  magnification  examination  because  the 
heating  of  the  electron  beam  caused  them  to  deform.  This  thermally  induced 
deformation  obscured  much  of  the  detail  which  was  to  be  observed. 

A  technique  was  developed  for  making  a  thick  metallic  replica,  by  a 
combination  of  vapor  deposition  and  electroplating.  (7).  (The  manuscript 
of  this  paper  i3  submitted  as  Kept,  No,  H&HC04-71“C~0037"3* )  This  replica 

O 

technique  involves  vapor  depositing  a  1000  A  thick  layer  of  gold  paladiun 
alloy  on  the  surface  to  be  replicated  and  then  plating  this  layer  with 
nickel  to  a  thickness  of  0,1  am.  This  metal  replica  is  then  stripped  from 
the  polymer  surface.  This  replicating  technique  has  several  advantages  over 
other  methods » 

1,  The  surface  viewed  is  an  exact  mirror  image  of  the  surface  to  be 
studied  having  been  in  direct  contact  with  the  other  surface  when 

it  was  formed.  Thus  no  detail  is  obscured  as  can  be  the  case  when  a  non- 
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metallic  surface  is  metallized  by  depositing  a  200  -  JQO  A  thick  metal 
layer  over  it  for  direct  viewing  in  the  scanning  microscope. 

2.  The  replica  is  mechanically  strong  enough  so  that  it  cannot  be 
deformed  when  it  is  stripped  from  the  surface  of  the  sample. 

3.  The  replica  i3  electrically  and  thermally  conductive  so  that  no 
electrical  charging  occurs  and  the  local  heating  by  the  electron  beam  is 
kept  small  enough  to  avoid  any  distortion  of  the  replica. 

D.  Microstmctural  Examination  of  the  Mechanisms  of  Plastic  Deforaation 
in  Extended  Chain  Polyethylene 

These  experiments  were  performed  on  extended  chain  polyethylene 
(Marlex  6009} .  Samples  were  prepared  by  crystallizing  the  molten  polymer, 
which  was  sealed  in  a  thin  walled  silver  tube  at  230°C  under  s  hydrostatic 
pressure  of  5  kbar.  The  material  was  maintained  at  temperature  and  press¬ 
ure  for  seven  hours  during  crystallization,  and  then  cooled  at  a  rate  of 
2°c/min  while  the  pressure  was  maintained.  The  material  produced  was  a 
spherulitic  extended  chain  structure  with  lamellae  with  thicknesses  between 
0.5  and  1.0/x.  The  specific  gravity  of  the  material  was  in  the  range 
0.93  -  0.99. 

Compression  samples  were  machined  from  the  material  and  they  were 
mechanically  polished.  The  damage  produced  by  the  machining  and  polishing 
was  removed  by  ion  etching  the  samples  at  77°K  using  a  3*5  &V  argon  ion 
beam  of  intensity  15 ^Amp/cm^ .  The  ion  etching  left  an  amorphous  skin  on 
the  surface  of  the  material,  but  It  was  found  that  this  skin  could  be 
ne-'led  off  bv  applying  replica  tapes  to  the  surface  and  then  stripping 
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thea  off.  When  the  replica  tapes  were  removed,  the  amorphous  skin  adhered 
to  the  replica  tape  and  was  removed  from  the  surface.  This  process  produced 
a  surface  in  which  all  of  the  fine  details  of  the  spherulitic  structure  were 
clearly  visible  when  it  was  examined  using  the  replica  technique  described 
above. 

One  of  the  results  of  this  surface  preparation  technique  was  to  reveal 
that  the  spherulitic  structure  in  this  material  is  not  made  up  of  twisted 
ribbon  like  lamellae.  The  lamellae  in  the  extended  chain  material  appear  to 
be  leaf  like,  being  wrapped  around  the  spherulite  like  the  leaves  of  an 
artichoke.  ?eis  structure  is  described  in  more  detail  elsewhere  (7). 

The  samples  of  the  extended  chain  material  were  deformed  in  compression 
to  strains  up  to  30$.  The  yield  stress  of  the  material  was  found  to  be 
5  kg/mia  which  is  greater  than  the  yield  stress  of  ordinary  polyethylene. 

Some  samples  fractured  without  yielding. 

Low  magnification  microscopic  examination  of  the  material  revealed 
that  the  deformation  took  place  on  discrete  shear  bands  which  forced  very 
close  to  the  maximum  shear  stress  directions  at  ±  4^°  from  the  tensile  axis. 
The  strain  inside  the  bands  was  estimated  to  be  50%,  The  width  of  the  bands 
was  approximately  3  ~  5 ju  and  their  ength  was  50  ~  100 ^  ,  This  compares 
vitn  the  spherulite  diameter  of  approximately  20 y, .  The  shear  bands  had 
no  fixed  relationship  to  the  spherulite  structure,  and  crossed  the  spherulltes 
at  or-i-ent  tally  random  locations  relative  to  the  spherulite  center.  At  the 

f  l. vit  ion  which  can  be  achieved  in  the  optical  microscope,  the  shear 

band  ’  r* . !aU*.  ’•  unaffected  by  the  micrcstructure  of  the 

pr>i\7.ar  i".i(  r.  i*  ‘r*\t  t  *k  r.ph mill r ic  structure  is  quite  flexible  and 
eonta'ns  a  i.:l  J 1  yi ' of  in-*  deforma  tl  in  modes  sufficient  to  accomodate 


nearly  any  laposed  defoliation. 

High  resolution  microscopy  in  the  scanning  electron  nicroscope  of 
replicas  of  the  samples  prepared  in  the  nanner  described  in  Sec.  II. G 
reveal  that  on  a  scale  of  lamella  dimensions,  the  deformation  in  the  shear 
bands  is  not  as  unifort:  as  it  appears  in  the  lower  nagnif i cation  studies. 
This  appears  to  bo  the  result  of  the  fact  that  the  direction  through  the 
lamella  thickness  parallel  to  the  molecular  direction  is  inextensihLe.  The 
deformation,  therefore,  compensates  for  this  restriction  by  concentrating  in 
other  regions  and  by  shearing  of  the  lamella  in  directions  parallel  to  the 
molecules  and  rotation  of  the  lamella.  The  multiplicity  of  ths  deformation 
modes  appears  to  be  sufficient  that  when  the  strains  are  averaged  over 
several  lamella  thicknesses,  any  imposed  strain  can  be  produced.  This  is 
consistent  with  the  low  magnification  observation  that  the  average  strain 
in  a  band  of  2  -  5  ia.  thickness  is  independent  of  the  structure. 

Detailed  observations  reveal  the  existence  of  a  number  of  deformation 
modes.  Evidence  of  many  of  these  modes  is  visible  in  Fig.  5» 

1.  Slip  on  planes  parallel  to  the  molecule  with  the  slip  direction 
perpendicular  to  the  molecule.  Fig.  6  (a). 

2.  Intralamellar  slip  on  planer  parallel  to  the  Eol^cule  with  the 
slip  direction  parallel  to  the  molecule.  Fig,  6  (b). 

3.  Formation  of  kinks  in  the  lamellae.  Fig.  6  (c). 

4.  Interlamellar  shear. 

The  first  two  modes  are  sufficient  to  allow  slip  on  any  plane  which  contains 
the  molecule  direction,  and  ir.  any  direction  on  sucn  a  plane.  Shear  in  the 
direction  perpendicular  to  the  molecule  is  accomplished  by  shear  parallel 
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to  the  Eolscule  accompanied  by  rotation  of  the  lamella.  Fig,  6  (a).  Such 
a  node  allows  the  Ian  alia  to  get  thinner  and  longer.  Shortening  of  the 
thickness  of  the  lamella  can  also  be  accomplished  by  the  formation  of  kinks 
as  shown  in  Fig.  (c).  The  only  defoliation  which  appears  to  be  inpossible 
is  an  extension  of  the  lamella  thickness. 

III.  Conclusions  about  the  Nature  of  Plastic  Deformation  in  Polymer 
Structures. 

Plastic  defomation  of  amorphous  polymer  structures  occurs  only  at 
shear  stresses  close  to  the  theoretical  strength  of  the  material.  The  process 
is  thermally  activated  and  there  are  strong  indications  that  the  microscopic 
process  is  one  of  audeation  of  dislocation  or  disci Ination  like  loops  in 
previously  "defect  free"  material.  Because  the  stresses  required  are  as  high 
relative  to  the  modulus  of  the  material  as  they  are,  and  because  deformation 
does  not  appear  to  require  pre-existing  defects,  there  appears  to  be  little 
promise  of  improving  the  shear  strength  of  polymers  by  structural  control 
as  is  practiced  in  metals.  Improvements  in  the  shear  strength  of  polymers 
will  have  to  come  from  changes  in  the  nature  of  the  chemical  bonding  within 
the  polymer  as  in  ionomers  and  covalently  cross-linked  structures. 

In  crystalline  polymers,  deformation  appears  to  occur  by  a  combination 
of  interlamellar  shear  in  the  lamellae  boundaries,  and  ixirru?araellar  shear 
which  can  occur  on  any  plane  parallel  to  the  molecule  direction.  The  mech¬ 
anism  by  which  this  deformation  is  produced  is  undetermined,  and  it  is  not 
known  what  part  of  the  deformation  process  controls  the  overall  strain-rate. 
Motion  of  dislocations  through  the  crystalline  lamellae  cannot  b8  ruled  out 


as  a  defoliation  mechanism.  The  complex  spherulitic  structure  is  highly 
inhomogeneous  and  anisotropic,  and  it  would  appear  that  it  would  be  difficul 
to  find  compatible  shear  paths  through  the  structure.  Experimentally  this 
is  not  found  to  be  the  case.  The  mul  tipli.  city  of  the  shear  nodes  in  the 
structure  is  sufficient  to  accoaodate  any  imposed  shear  deformation  if  the 
strain  can  be  averaged  over  several  lamella  thicknesses. 
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VII,  Figures 

1.  Torque- tvist  curve  for  the  deformation.  of  polycarbonate  torsion 
samples. 

2.  Various  stages  of  deformation  band  development,  (a)  Fine  bands 
formed  at  yield,  (b)  Broadening  of  bands,  (c)  Further  development 
of  the  bands,  (d)  Uniform  reversal  of  the  shear  in  the  bands 
during  untwisting. 

3.  Typical  reverse  torque- twist  curve  for  polycarbonate  torsion 
sample.  Dashed  line  indicates  reloading  path  for  sample  which  has 
been  unloaded  and  allowed  to  relax. 

4.  Shear  tend  sheared  in  the  forward  direction  (a).  Untwisted  to 

zero  residual  strain  (b).  Twisted  to  the  fully  reversed  strain  (c). 

5.  Structure  of  a  deformed  spherulite  in  extended  chain  polyethylene. 

6.  Modes  of  deformation  in  a  lamellar  structure,  (a)  Shear  perpen¬ 
dicular  to  the  molecule  direction,  (b)  Shear  parallel  to  the 
molecule  direction,  (c)  Kink  formation  to  shorten  the  lamella 
thickness,  (d)  Shear  on  a  plane  perpendicular  to  the  molecule 
is  accomplished  by  shear  parallel  to  the  molecule  and  rotation 


of  the  lamella. 
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